Biological heterogeneity exists in most cell populations; even isogenic populations exhibit some natural cell-tocell variability in parameters including gene expression and cell morphology (Bishop et al. 2006) . Heterogeneity can result from factors such as noise in gene expression and signal transduction, epigenetic modifications, and cell age (Avery 2006; Bishop et al. 2006) . A consequence of this diversity is that not all cells in a population will respond identically to a given stimulus. Biological systems can take advantage of such heterogeneity to produce specific cell types (e.g., differentiation) or optimize fitness in fluctuating environments (e.g., immunity) (Acar et al. 2008) . Conversely, heterogeneity can leave some cell subpopulations more sensitive to drug treatment (e.g., chemotherapy) or disease states (e.g., metastasis) (Murray-Zmijewski et al. 2008) . Distinct cell fates can be heritably encoded using multiple gene regulatory strategies, including epigenetic marks, stable cytoplasmic factors, and transcriptional autoregulatory circuits . Thus, biological diversity can produce cell subpopulations harboring different memories of an experienced stimulus.
By the very nature of its heterogeneity, memory of a biological decision is difficult to study. Population-level data can obscure subpopulations (Bishop et al. 2006) , and single-cell experiments remain expensive, technically difficult, and hard to scale (Spiller et al. 2010) . Studies of biological memory require a technique for tracking a cellular decision through cell division. Recombinase systems are commonly used to confer a permanent genomic mark in lineage-tracing studies; however, DNA rearrangement and recombinase expression can have off-target effects that negatively affect genomic fidelity (Forni et al. 2006) . Furthermore, tunable, rewriteable DNA recombinase-based memory has only recently been demonstrated in bacteria (Bonnet et al. 2012) and has yet to be developed in eukaryotic cells.
One solution is the application of synthetic, transcriptional autoregulatory circuits to track heritable, differential responses to a stimulus. In this circuit design, a stimulus induces transcription of a trigger gene expressing a transactivator, which binds the promoter of a second gene. The second gene produces more of the same transactivator, initiating a positive feedback loop, or memory (Fig. 1A) . Memory is self-sustainable when the input exceeds the circuit's bistable threshold for feedback, allowing the circuit to switch to an alternative state that is transmitted through cell division. Examples of this in nature include the cell cycle and cell differentiation (Burrill and Silver 2010) , and synthetic versions have been built in bacteria, yeast, and mammalian cells (for review, see Haynes and Silver 2009; Burrill and Silver 2010) . In recent work, we constructed a memory circuit in yeast that detects DNA repair, allowing for isolation of cells that initiated a repair response above the circuit's bistable threshold . Strongly responsive cells exhibited a heritable damage response that was distinct from less-responsive cells for many generations.
Here we report the construction and implementation of synthetic memory circuits in human cells to track differential cellular decisions following a global stimulus. Activation of the device was linked to endogenous hypoxia and DNA damage response pathways, as these stressors elicit heterogeneous responses at the single-cell level (Bristow and Hill 2008; Murray-Zmijewski et al. 2008) . A synthetic memory device that responds to low oxygen (O 2 ) concentrations could help study the sustained effects of hypoxic exposure during tumor formation. Hypoxia stabilizes the HIF-1 transcription factor, which can activate or silence target genes as well as increase genomic instability by mediating the bypass of DNA repair checkpoints (Chen et al. 2006; Bristow and Hill 2008; Denko 2008; Lee et al. 2009; Lu et al. 2011) . Tumors can harbor cell subpopulations that have been exposed to acute or chronic hypoxia and subsequently reoxygenated, and these tumors are associated with a more aggressive disease (Bristow and Hill 2008) . A memory device activated by HIF-1 could potentially detect, isolate, and track these subpopulations within the heterogeneous tumor microenvironment to determine their specific contributions toward tumor development and metastasis.
Like hypoxia, DNA damage also produces a complex array of biological responses at the single-cell level. Linking a memory circuit to native DNA damage pathways could help identify how DNA damage responses are transmitted to subsequent generations and impact long-term cell behavior. The variable activation of the tumor suppressor p53 largely determines a single cell's response to DNA damage (Murray-Zmijewski et al. 2008) . A memory device triggered at the level of a p53-induced repair factor, such as the ribonucleotide reductase p53R2, would facilitate the isolation and tracking of progeny whose ancestors underwent a repair response strong enough to activate the memory loop, versus those that did not (Tanaka et al. 2000) . This could reveal how a cell's specific history of DNA damage translates into long-term biological consequences.
Collectively, our work illustrates a synthetic biology approach for studying cell heterogeneity and fate. The described genomically integrated devices enable the investigation of biological questions that require inheritance of a genetic circuit through cell division. The modularity of our system is demonstrated by the construction of memory circuits that respond to diverse and relevant stimuli. Our studies reveal the existence of a heritable biological memory of DNA damage and hypoxia, providing unique insight into protracted responses to transient stimuli.
Results

Characterizing memory circuit components via transient transfection
To engineer a memory device, we first designed a set of fluorescently labeled synthetic transcriptional activators (triggers) and their corresponding reporter genes (Fig. 1A) . Each trigger gene consisted of a synthetic zinc finger (ZF) DNA-binding domain (Hurt et al. 2003) , one copy of the red fluorescent protein (RFP) mCherry (Shaner et al. 2004) , the VP64 activation domain (Beerli et al. 1998) , and a nuclear localization sequence (NLS) (Kalderon et al. 1984) , all under the control of a doxycycline (dox)-inducible CMV-TetOx2 promoter with a human kozak sequence. ZFs were mammalian codon-optimized versions of those previously engineered by Hurt et al. (2003) to bind specifically to target DNA sequences in a BCR-ABL translocation (BCR-ABL #1 and #2), the erbB2 gene (erbB2 #1), or the HIV promoter (HIV #1 and #2). Each reporter gene had six tandem copies of DNA-binding sites for a given ZF upstream of a minimal promoter (composed of a TATA sequence and human kozak sequence), and its proteincoding region encoded two copies of the yellow fluorescent protein (YFP) variant Venus (Shaner et al. 2005 ) tagged with an NLS (Fig. 1A) . In the presence of dox, trigger genes were expected to express RFP and a functional transactivator that should bind to its corresponding reporter binding sites, producing a YFP signal.
To evaluate the functionality of our constructs in human cell culture, triggers and reporters were built on separate plasmids and transiently cotransfected in a human U2OS cell line that expresses the Tet repressor (Supplemental Table S1 ). Following the addition of dox, trigger RFP and reporter YFP coexpression was monitored by fluorescence-activated cell sorting (FACS) (Fig. 1B) . All triggers activated transcription of their target reporters by at least twofold. The HIV #2 reporter exhibited the most leaky expression, with >10.0% of cells expressing YFP in the absence of dox. Trigger/reporter pairs were specific and orthogonal to one another, as minimal YFP expression was observed when reporters alone (Supplemental Fig. S1A ) or mismatched trigger/reporter combinations (Supplemental Fig. S1B ) were transfected. Thus, all triggers were capable of producing a functional transcriptional circuit.
This set of synthetic transactivators provided the components to construct autoregulatory loops intended to confer memory of a stimulus to a single cell and its progeny. In our proposed device, an input causes synthesis of an RFP-labeled transactivator, which activates expression of a 2xYFP-labeled transactivator (Fig. 1A) . This protein binds to its own promoter and, given certain parameters, continues to self-activate in the absence of stimulus, resulting in sustained YFP expression. For simplicity, all memory devices were built with the BCR-ABL #1 domain, although the above transient experiments suggested that all tested ZFs would provide similar results.
Since tracking long-term memory requires a stably integrated device, a trigger-reporter circuit was assembled on a single plasmid and tested by transient transfection for circuit activation to determine whether the circuit could be integrated in one step. On a single plasmid, the dox memory device demonstrated constitutive reporter YFP expression in the absence of dox, likely due to cis-activation caused by enhancer elements in the trigger's CMV-TetOx2 promoter ( Fig. 1B ; Boshart et al. 1985) . However, the dox device demonstrated inducible expression of the loop gene when the trigger and loop were cotransfected on separate plasmids (Fig. 1C) .
We next aimed to construct memory circuits capable of recording exposure to dox, hypoxia, or DNA damage. The hypoxia-inducible promoter we used was based on one previously engineered by Shibata et al. (2000) and is composed of five copies of HIF-1 binding sites, known as hypoxia-responsive elements (HREs), ligated to a minimal human CMV promoter. This promoter is activated when a cell triggers the HIF-1 pathway in response to hypoxia (Fig. 1D) . A DNA damage-inducible promoter (p53R2-RE) was generated by linking four copies of the p53-binding site in p53R2 (Ohno et al. 2008 ) to a minimal human CMV promoter (Shibata et al. 2000) . This promoter is activated when a cell executes a p53R2-mediated repair response (Fig. 1D) .
Unlike the dox device, the HRE and p53R2-RE triggers do not contain strong enhancer elements and can be assembled as a single construct with the loop gene. When the hypoxia and DNA damage devices were transfected as a single plasmid and exposed to the hypoxia mimic cobalt chloride (CoCl 2 ) or the DNA-damaging agent neocarzinostatin (NCS), respectively, RFP and YFP were coexpressed in a significant percentage of cells above basal levels (Fig. 1E) . These observations were similar whether or not the circuits were built on one plasmid (Supplemental Fig. S1C ). Thus, we determined that while a dox memory cell line would require two integrations, only one was necessary to produce DNA damage and hypoxia memory cell lines. To test the capacity of the loop element to retain memory of dox, hypoxia, or DNA damage exposure, we proceeded to genomically integrate the circuits.
An integrated dox memory device
The dox trigger and loop were randomly integrated as separate genes to create the cell line MD10/TetOx2 (Supplemental Table S2 ). Dox exposure resulted in trigger RFP and loop YFP expression in 99.8% and 42.7% of cells, respectively, as determined by FACS ( Fig. 2A ) and fluorescence microscopy (Fig. 2B) . Upon the removal of dox, trigger RFP turned off in most cells within 1 d, while loop YFP achieved a bimodal distribution, such that two distinct memory and non-memory subpopulations coexisted (Supplemental Fig. S2 ). YFP expression persisted in a large percentage of cells for at least 3 d (about four generations), suggesting heritable memory loop activity (Fig. 2B) . These traits were not specific to MD10/TetOx2, as multiple alternative clones were analyzed and demonstrated similar behavior (Supplemental Fig. S3 ).
Sustainable memory behavior in a subpopulation of dividing cells was further revealed in time-lapse fluorescence microscopy of cells recovering from dox exposure ( Fig. 2C ; Supplemental File S1). Distribution of YFP intensity in the memory subpopulation was constant over time, suggesting persistent protein production (Fig. 3A) . Furthermore, spontaneous loop activation in the absence of dox was not observed when MD10/TetOx2 was cultured for 9 d (;10 generations), indicating that any loop activity was due solely to dox exposure (Fig. 3B ). To rule out a difference in RFP and YFP protein degradation rates as causal of the observed memory behavior, cells were exposed to dox to activate fluorophore expression, and cycloheximide was then added to inhibit protein biosynthesis. RFP and YFP degradation rates were determined to be approximately equivalent: 10.6 versus 11.5 arbitrary intensity units per hour, respectively (Supplemental Fig. S4 ). Thus, loop YFP protein persisted by positive feedback and not by protein stability. We concluded that MD10/TetOx2 was capable of recording dox exposure and transmitting memory of this response to progeny.
To investigate the independent behavior of memory and non-memory cells, cell sorting based on YFP expression was used to physically separate and expand the two cell populations for biological analysis. Over a period of 3 d, sorted memory cells behaved similarly to unsorted memory cells, in that the percentage that maintained loop expression decreased over time (Fig. 3C ). Sorted memory cells were re-exposed 3 d post-sort to dox, at which time 20.2% were still expressing the loop, but only 83.3% reactivated the loop (Fig. 3D) . Furthermore, sorted nonmemory cells largely failed to reinduce the loop (Fig. 3D ). These observations suggested that epigenetic silencing might play a role in permanently deactivating the memory loop. To test this, trichostatin A (TSA)-a histone deacetylase inhibitor-was applied to unsorted MD10/ TetOx2 cells before dox exposure to reverse gene silencing. While the number of cells expressing the trigger did not change, 12.5% more cells activated the memory loop if first exposed to TSA (Fig. 3E ), indicating that decreased loop activity over time could be due to epigenetic silencing. This may also explain why only 42.7% of cells initially activated the loop. Every selected MD10/TetOx2 clone exhibited this behavior, suggesting that the loop became silenced during the selection process. Despite this effect, this cell line exhibits persistent inducible memory loop expression in a significant percentage of cells, allowing for tracking of the cellular response to dox through cell division.
An integrated hypoxia memory device
To track memory of hypoxia through cell division, the stable cell line MD15/HRE was constructed via random genomic integration of the HRE trigger and loop as a single plasmid. While CoCl 2 induced a hypoxic response in transient experiments, it was not appropriate for longterm cell tracking due to its deleterious effect on cell viability and possible nonspecific activity as a hypoxia mimic. Alternatively, an anaerobic chamber caused less cell death and created an anoxic environment in which MD15/HRE could be easily characterized, since the HRE promoter is maximally active under anoxic conditions (Shibata et al. 2000) . As fluorophores require O 2 to fold properly, any trigger or loop protein produced during anoxia was not fluorescent, necessitating a recovery period before analysis. After 1 d of anoxic exposure and 1 d of recovery, the trigger was expressed in 21.5% of cells at a low intensity, since the anoxic response had likely subsided by that time, and the loop was activated in 10.8% of cells, as determined by FACS (Fig. 4A ) and fluorescence microscopy ( Fig. 4B ). Loop-expressing cells were expected to have activated the trigger's anoxia-inducible promoter above the bistable threshold required for loop expression. A scatterplot of single-cell RFP versus YFP intensities post-anoxia shows that higher RFP expression corresponds to higher YFP expression, as measured by FACS (Supplemental Fig. S5A ). Thus, loop expression results from stronger trigger activation in response to anoxia.
During the first 2 d post-exposure, we observed a decrease in the memory subpopulation as a fraction of the total population (Fig. 4A) . We hypothesized that memory cells, having activated a stronger response to anoxia, were likely more susceptible to growth defects and being diluted out of the population. This made it difficult to observe by FACS whether memory of anoxia indeed persisted through cell division in a subpopulation of cells (Supplemental Fig. S6 ). However, when memory cells were isolated from their non-memory counterparts via cell sorting and observed by fluorescence microscopy, a significant proportion of sorted memory cells expressed the loop for at least 6 d (about five generations) post-sort and grew in clusters, indicating active maintenance of memory through cell division (Fig. 4B) .
To determine whether epigenetic silencing contributed to the observed decrease in the percentage of memory cells when the two subpopulations were cocultured, sorted non-memory cells were reinduced 6 d post-sort. Only 3.3% and 2.5% of sorted nonmemory cells reactivated the trigger and loop, respectively (Fig. 4C) . In addition, when TSA was applied to unsorted MD15/HRE cells prior to anoxic exposure, 8.8% and 13.5% more cells activated the trigger and loop, respectively (Fig. 4D ), indicating that epigenetic silencing was occurring in this cell line. We also noted that the slower growth of memory cells contributed to a decrease in the percentage of loop-expressing cells. When equal numbers of sorted memory and non-memory cells were plated 1 d post-exposure, memory cells exhibited a growth defect, reaching confluency 1 d later than non-memory cells (Supplemental Fig. S7A ). This phenotype was not caused by synthetic gene expression, as no growth difference was observed between sorted MD10/ TetOx2 memory and non-memory cells (Supplemental Fig. S7B ). In sum, epigenetic silencing and slow growth likely caused the observed decline in memory cells when memory and non-memory cells were cocultured.
To interrogate the biological relevance of the subpopulations captured by the circuit, hypoxia (0.1% O 2 ) was next used to activate the MD15/HRE device. While the trigger's HRE promoter is known to be less active under increasing O 2 conditions, hypoxia is commonly used to mimic a tumor microenvironment and plays a significant biological role in disease and development (Bristow and Hill 2008) . As expected, hypoxia activated the device in fewer cells (13.6% trigger RFP-positive and 5.1% loop YFP-positive) than anoxia, presumably due to the higher O 2 concentration ( Fig. 4E; Supplemental Fig. S5B ). However, in cells that were activated, memory behavior similar to that under anoxic conditions was observed: Unsorted memory cells were quickly diluted out ( cells remained less viable than non-memory cells 1 d posthypoxic exposure: 15.9% death versus 1.68% death, respectively, as compared with MD10/TetOx2 memory and non-memory cells (Fig. 4F) . This difference in viability not only contributed to dilution of the memory population over time, but was also indicative of memory and nonmemory subpopulations having distinct biological responses to hypoxia.
To investigate these responses, we first established that endogenous pathways responsive to low O 2 concentrations were similarly functional in MD15/HRE and its background strain, U2OS. Both cell lines were exposed to hypoxia, and HIF target gene expression was measured by real-time PCR (Fig. 4G ; Ke and Costa 2006) . Since gene activation patterns were similar in both cell lines, we concluded that MD15/HRE responded to hypoxia with normal gene regulation. While this experiment examined hypoxic responses of the population as a whole, we next assessed whether expression of target genes was specifically up-regulated in memory cells, as compared with non-memory cells. Since memory cells had surpassed the circuit's bistable threshold for loop expression, they were expected to have responded more strongly to hypoxia. Memory and non-memory cells were sorted 1 d posthypoxic exposure, and HIF target gene expression was compared by real-time PCR (Fig. 4H) . Indeed, a subset of HIF target genes was up-regulated in memory cells. Some target genes were not up-regulated, which was likely due to the fact that exposed cells needed to recover for 1 d for fluorophores to develop to allow for FACS analysis, during which time the initial transcriptional response to hypoxia subsided. Nevertheless, these results demonstrate that the synthetic circuit integrated in the cell line MD15/HRE is capable of sensing and tracking subpopulations that differ in their responses to hypoxia.
An integrated DNA damage memory device
To follow memory of DNA damage, the stable cell line MD12/p53R2-RE was generated via random genomic integration of the p53R2-RE trigger and loop as a single plasmid. While NCS was used as a DNA-damaging agent in transient experiments, it was not amenable to longterm cell tracking due to its highly deleterious effects on cell viability. Alternatively, a brief burst of 10 J/m 2 shortwave ultraviolet radiation (UV) allowed greater cell viability (Latonen et al. 2001; Sharma et al. 2010) . UV exposure resulted in trigger and loop activation in 20.2% and 8.3% of cells, respectively, as determined by FACS (Fig. 5A) , and higher trigger activation corresponded with greater loop activation ( Supplemental Fig. S5C) ; this behavior was similar for all positive selected clones (Supplemental Fig. S9 ). Fluorescence microscopy indicated that memory persisted for at least 2 d post-exposure in a subpopulation of cells (Fig. 5B) ; however, a significant decrease in the percentage of cells expressing the loop was observed during the first 2 d post-exposure.
While this characteristic precluded FACS analysis of sustained memory, fluorescence microscopy revealed that loop expression was maintained in small clonal populations when memory cells were isolated 2 d post-UV exposure ( Fig. 5B; Supplemental Fig. S6 ). The loop was expressed in a subpopulation of cells for at least 10 d (about eight generations) post-sort. This indicated that a subpopulation successfully activated the device above the bistable threshold for loop expression, permitting tracking of memory and non-memory cells. Gene dysfunction was not a contributing factor to the observed memory population decrease, as sorted non-memory cells were able to reinduce both the trigger and loop to levels comparable with their initial induction (Fig. 5C) . Furthermore, epigenetic silencing of the device did not likely affect its function over time: Exposure to TSA alone caused no significant induction of the device, and pretreatment with TSA did not increase the number of cells that responded to subsequent UV exposure (Fig. 5D) .
These results implied that the proportion of memory cells-having executed a stronger DNA damage responsedecreased post-damage due to a growth defect or cell death, resulting in dilution of the population over time by the more rapidly growing or viable non-memory cells. When equal numbers of sorted memory and non-memory cells were plated and observed for 4 d by fluorescence microscopy, non-memory cells reached confluency 2 d sooner than memory cells (Supplemental Fig. S7C ). This slow growth phenotype could account for memory cells being diluted out of the population over time when memory and non-memory cells are grown together. Using the dead cell stain SYTOX Blue, we also determined that memory cells were less viable than non-memory cells 2 d post-UV exposure: 8.4% cell death versus 0.8%, respectively (Fig.  5E ). Altogether, these data suggest that memory and nonmemory cells maintained different growth and viability phenotypes after UV exposure.
We next asked whether unique gene expression profiles characterized how distinct subpopulations responded initially to DNA damage. Endogenous response pathways were similarly functional in MD12/p53R2-RE and its background strain post-UV exposure, as measured by p53 target gene expression using real-time PCR ( Fig. 5F ; Brady and Attardi 2010). Furthermore, a subset of target genes was specifically up-regulated in memory cells (Fig. 5G ). Memory and non-memory subpopulations were sorted 1 d post-UV exposure, and p53 target gene expression was compared by real-time PCR. Since exposed cells required 1 d of recovery before sorting, not all target genes were up-regulated at the indicated time point. In sum, these results verify that the synthetic circuit is capable of differentiating between subpopulations that uniquely respond to DNA damage.
To assess whether specific initial responses translated into each subpopulation maintaining distinct long-term expression profiles, we performed gene expression profiling of memory and non-memory cells multiple days after UV exposure. After 3 d of recovery from UV treatment, memory and non-memory cells were sorted. The expression signature of memory cells was distinct from their non-memory counterparts: 127 genes were up-regulated and 31 genes were down-regulated in memory cells (fold change $2.0, corrected P-value #0.05) (Supplemental File S2). Bioinformatics analysis identified the transcriptional pattern of oxidative stress and general stress responses in memory cells (Fig. 6A) : Up-regulated genes were enriched for those responsive to external stimulus (P = 1.48 3 10 À3 ), wounding (P = 1.56 3 10 À3 ), hydrogen peroxide (P = 3.41 3 10 À3 ), stress (P = 3.89 3 10 À3 ), reactive oxygen species (ROS) (P = 6.05 3 10 À3 ), and chemical stimulus (P = 9.29 3 10 À3 ). Enrichments were validated by real-time PCR (Supplemental Fig. S10A ). To eliminate any transcriptional effects caused by expression of a synthetic device, profiling of MD10/TetOx2 sorted memory versus nonmemory cells was also performed, and common genes were removed from the MD12/p53R2-RE data analysis (Supplemental Fig. S10B ; Supplemental File S2).
While the microarray data defined a set of genes that were uniquely expressed in memory cells multiple days post-DNA damage, it did not inform on the expression level of those genes at earlier time points. To address this question, we tested the expression of four up-regulated genes-CDNF, MAX dimerization protein 1 (MXD1), SCL39A2, and GRK5-1 d after UV exposure (Fig. 6B) . Interestingly, all four tested genes showed significant upregulation in memory cells, as compared with non-memory cells. Thus, these genes were expressed both 1 d and 3 d after UV exposure. This suggested that UV-mediated DNA damage produced a transcriptional response that was maintained over time in memory and non-memory cells. Since differences in not only gene expression, but also viability and growth, were shown to persist for multiple days, we concluded that the MD12/p53R2-RE circuit is capable of capturing subpopulations with distinct long-term memories of DNA damage.
Discussion
Building a prototype memory circuit in mammalian cells
In this study, we present the successful engineering and implementation of synthetic memory devices in human cells. The construction of a prototype, dox-inducible circuit (MD10/TetOx2) revealed behavioral qualities of an integrated, transcription-based device that could inform further applied systems. In all isolated clones, most cells activated the trigger in response to dox, and a significant While a significant percentage of cells maintained loop expression post-exposure, this population decreased over time. Indeed, time-lapse fluorescence microscopy revealed that some daughter cells failed to inherit memory protein from loop-expressing mother cells. As this was observed for all selected clones, the genomic integration location was unlikely to be causative. However, we hypothesize that epigenetic silencing resulted in memory loop deactivation, and stochastic noise in memory loop protein segregation during cell division might also have played a role. If a daughter cell randomly fails to receive a sufficient amount of loop protein to maintain feedback, it will switch to a non-memory state that is propagated in future progeny. This behavior has been observed for both natural and synthetic transcriptional autoregulatory circuits (Becskei et al. 2001; Weinberger and Shenk 2007; To and Maheshri 2010) . Producing more loop protein before cell division, by either increasing the synthesis rate or reducing the rate of cell division, is expected to minimize any loss of memory over time (Ajo-Franklin et al. 2007 ). However, for certain uses-such as drug dosage in a clinical setting-short-term memory loop expression could be desirable.
Integrating synthetic circuits with endogenous pathways
To demonstrate its potential to report on biological phenomena, the MD10/TetOx2 device was reconfigured to respond to endogenous hypoxia and DNA damage response pathways. Memory cells were identified as descendants of cells that experienced HIF-1 or p53R2 activity above the circuit's bistable threshold, while non-memory cells were those that responded more weakly, such that the loop was not activated. The formation and defining characteristics of these memory cells, versus their non-memory counterparts, could vary depending on cell state, DNAdamaging or hypoxic agents, length of exposure, and time of recovery. Furthermore, a given stressor likely produces many subpopulations with uniquely protracted responses. Our goal was to use the described circuits to identify how an initial response translated into sustained biological characteristics that distinguished what we defined as memory and non-memory cell subpopulations.
Interestingly, the hypoxia and DNA damage memory devices behaved quite differently from the dox memory device. MD10/TetOx2 responded to dox by activating the trigger to similar levels in all cells and the memory loop to similar levels in 42.7% of cells (Supplemental Fig. S2 ). In contrast, MD15/HRE and MD12/p53R2-RE responded to hypoxia or DNA damage with variable activation of the trigger and loop (Supplemental Fig. S5 ). Furthermore, while memory of dox exposure was sustained in a significant number of cells, memory of hypoxia and DNA damage persisted in a small subset.
Behavioral differences were likely due to the more heterogeneous activation of hypoxia and DNA damage signaling pathways. MD10/TetOx2 induction occurs when the tet repressor can no longer bind the trigger's promoter due to the presence of dox, resulting in strong, homogeneous trigger and loop expression (Supplemental Fig. S2 ). In contrast, MD15/HRE and MD12/p53R2-RE activation is dependent on signals transduced by biological pathways composed of numerous proteins, each with its own degree of biological noise. Unlike the dox-inducible trigger, HIF-1 and p53 should not be uniformly activated within a population (Bristow and Hill 2008; MurrayZmijewski et al. 2008) , resulting in heterogeneous trigger and loop activation (Supplemental Fig. S5 ). MD15/ HRE and MD12/p53R2-RE thus permit the isolation of unique subpopulations after hypoxia or DNA damage.
The utility of the hypoxia and DNA damage memory devices in detecting biologically distinct subpopulations was assessed in multiple ways. We determined that in initial response to hypoxia or UV, HIF and p53 target gene expression was elevated in MD15/HRE and MD12/p53R2-RE cells that activated both the trigger and loop, as compared with cells that only activated the trigger. This result indicated that the devices work as intended: Cells with a stronger response are capable of overcoming the bistable threshold of the circuit, such that the loop is expressed. We also established that a stronger response translated into long-term phenotypes, including slow growth and poor viability. Memory cells exhibited these characteristics for multiple generations past the point of exposure, as compared with their non-memory counterparts.
Finally, gene expression profiling revealed that DNAdamaged memory cells had a persistent gene expression signature that was different from that of non-memory cells. The memory cell expression profile was largely enriched for genes responsive to oxidative stress, as well as stress in general, including DNA damage-inducible transcript (DDIT3), glutathione peroxidase 3 (GPX3), MXD1, egl nine homolog 3 (EGLN3), and tumor protein p53-inducible nuclear protein 1 (TP53INP1). UV radiation is known to cause significant intracellular production of ROS and reactive nitrogen species as well as alter the levels of intracellular antioxidant enzymes (Zhang et al. 1997; BirchMachin and Swalwell 2010) . Our study shows that transcriptional responses to UV-induced oxidative damage persist through multiple generations in a subpopulation of cells. It is possible that this differential maintenance of gene expression translates into differences in vulnerability to future damage or disease and may also dictate the mechanisms by which each subpopulation protects the fate of its progeny.
Conclusions
The memory devices presented here have the potential to illuminate previously undescribed biological phenomena. The hypoxia and DNA damage memory circuits could be used in further analyses, such as deep-sequencing or epigenetic mapping, of differentially responsive subpopulations to create a more detailed picture of how a cell's history contributes to its biological future. Differentially regulated genes in memory cells could potentially serve as targets in future work toward defining how the inherited expression profile is maintained. This approach could implicate genes that play a role in disease development. The work might also be translated to a xenograft model in mice to study the in vivo heterogeneous effects of DNA damage and hypoxia through the development of a solid tumor. It would be interesting to identify whether these transient stimuli produce subpopulations that are more or less prone to disease development. Given their modular nature, the circuits could potentially produce outputs other than fluorophores. For example, in the future, a memory device could be used in a clinical setting by modifying the loop to produce a therapeutic drug in response to a transient stimulus. The loop could also be altered to create a useful tissue-engineering tool that produces morphogens or growth factors for differentiation control in tissue engineering. While these proposed applications will require significant retooling and testing of the device, their pursuit will help advance and define the utility of synthetic circuits.
Our work demonstrates that complex biological problems can be investigated with synthetic circuits. To date, development of new synthetic devices has been hindered by a slow design cycle and poor device robustness, particularly in mammalian cell culture . Streamlining the mammalian design cycle is critical as synthetic biology strives to better integrate with complex human applications such as stem cell therapy and tissue engineering. Continuing to build mammalian devices will undoubtedly provide invaluable data for more comprehensive quantitative models, which will allow better predictions of function at the preliminary design stage and thereby reduce the number of tested iterations of a device. Synthetic devices destined for clinical applications must also demonstrate faithful performance; constructing genomically integrated devices, as with our memory circuits, is an important first step. Improving mammalian cell design remains an essential task for synthetic biology as the field continues to engage in the engineering of increasingly complex cell types.
Materials and methods
Plasmid constructs
Escherichia coli DH5a was used for all plasmid manipulations. Bacteria were grown in LB-ampicillin medium to maintain plasmids; if engineered constructs contained synthetic ZFs, medium was supplemented with 0.02 mM zinc chloride. DNA fragments with universal cloning sites (EcoRI, NotI, XbaI, SpeI, and PstI) were generated by PCR and assembled via BioBrick DNA assembly (Phillips and Silver 2006) .
A CMV-TetOx2 promoter fragment (from pcDNA5/FRT/TO, Invitrogen) ligated in front of a human kozak sequence produced a dox-inducible promoter. A HRE promoter was provided by the Brown laboratory (Shibata et al. 2000) . Response elements from the human p53R2 gene (Ohno et al. 2008 ) were constructed as annealed oligos (Integrated DNA Technologies) and ligated in front a minimal promoter (Shibata et al. 2000) to generate a p53R2-RE promoter. Human codon-optimized synthetic ZFs (Hurt et al. 2003) were commercially synthesized by Mr. Gene GmbH.
For transient transfections, triggers and reporters were cloned as NotI/SpeI fragments into the Flp-In T-REx vector in which the constitutive CMV promoter was deleted (Invitrogen, Silver Laboratory). For MD10/TetOx2 (clone MD10.21), trigger and memory loop genes were cloned as separate fragments into a pcDNA3.1 (+)-based vector (Invitrogen) in which the neomycin resistance marker was replaced with hygromycin or puromycin resistance, respectively, and the constitutive CMV promoter was deleted (Silver Laboratory). For MD15/HRE (clone 15.21) and MD12/p53R2-RE (clone 12.34), trigger and loop genes were cloned as one fragment into the puromycin-resistant pcDNA3.1 (+)-based vector (Invitrogen, Silver Laboratory).
Memory device design strategy
Devices were built in two stages. First, multiple gene circuits were designed and tested via transient transfection. In these plasmid-based experiments, multiple designs were characterized to identify elements that generated the most effective circuit activation and least basal activity. Selected prototypes were then genomically integrated to produce the final stable devices, which are characterized in greater detail in this study.
Cell culture and transfection
Plain U2OS and U2OS Flp-In T-REx cells (Blacklow Laboratory) were grown in McCoy's 5A medium supplemented with 10% tetracycline-screened fetal bovine serum (FBS) and 1% penicillin and streptomycin; T-REx cells were further supplemented with 15 mg/mL blasticidin and 200 mg/mL zeocin. Cells were grown at 37°C in a humidified CO 2 incubator.
Transient transfections were performed by plating 1.2 3 10 5 cells per well in 12-well culture dishes and transfecting with 800 ng of total plasmid DNA and 2 mL of Lipofectamine 2000 (Invitrogen) in 1 mL of antibiotic-free medium (Supplemental Table S1 ). Medium was changed 4 h post-transfection, and cells were exposed 20 h later to 1 mg/mL dox (Sigma-Aldrich), 0.5 mg/ mL NCS (Sigma-Aldrich), or 100 mM CoCl 2 (Sigma-Aldrich) for 24 h and analyzed by FACS. Stable cell lines were generated by plating 3.0 3 10 5 cells per well in six-well culture dishes and transfecting with 2 mg of plasmid DNA and 5 mL of Lipofectamine 2000 in 2 mL of antibiotic-free medium. Medium was changed 4 h post-transfection, and cells were exposed to selection medium the following day (Supplemental Table S2 ). After 5 d of selection, medium was changed to maintenance antibiotic concentrations (Supplemental Table S2 ). Clones were picked and screened for inducible expression via 1 mg/mL dox, 0.5 mg/mL NCS, or 100 mM CoCl 2 . Positive clones were expanded and maintained as stable lines.
Induction of MD15/HRE and MD12/p53R2-RE cell lines
To analyze MD15/HRE behavior, 3.0 3 10 6 cells were plated in 10-cm plates. The following day, plates were exposed to anoxia (0% O 2 , ;2.0% H 2 ) in an anaerobic chamber (Wyss Institute for Biologically Inspired Engineering) for 1 d in CO 2 -independent medium (Invitrogen) or hypoxia (0.1% O 2 , 5.0% CO 2 ) in a hypoxic chamber (Kaelin laboratory, Dana Farber Cancer Institute). When cells were returned to normoxia, the medium was replaced with the appropriate maintenance medium. To analyze MD12/p53R2-RE behavior, 3.0 3 10 5 cells per well were plated in six-well plates. The following day, plates were exposed to a brief burst of 10 J/m 2 UV (Lahav laboratory, Harvard Systems Biology).
Flow cytometry and cell sorting
Prior to FACS analysis, cells were fixed in 4% paraformaldehyde/ 13 PBS solution for 10 min, resuspended in 200 mL of 13 PBS, and stored at 4°C. Cells were later loaded in 96-well plates or 5-mL polystyrene tubes (BD Biosciences) on an LSRII (BD Biosciences) with 488-nm (DsRed) and 568-nm (Fitc) lasers (Harvard Systems Biology). Cells (1.0 3 10 4 ) were analyzed for RFP (DsRed) and YFP (FITC) fluorescence and gated based on cell size and granularity. Unexposed cells controlled for basal fluorophore expression. Data were analyzed using FlowJo software.
To sort MD10/TetOx2 cells, three six-well plates were exposed to dox, washed with 13 PBS, and moved to three T-150 flasks for 2 d. Cells were then trypsinized, spun at 1100 rpm for 5 min, washed with 13 PBS, spun a second time, resuspended in 3 mL of 13 PBS/1% FBS, and filtered. To sort MD12/p53R2-RE cells, 12 six-well plates were exposed to UV and recovered for 2 d. Cells were then processed as described above, except that four six-well plates of cells were pooled to produce three replicates. To sort MD15/HRE cells, nine 10-cm plates were exposed to anoxia or hypoxia and recovered for 1 d. Cells were then processed as described above, except that three 10-cm plates were pooled to produce three replicates.
Processed cells were run on a FACS Aria II with a 100 mM nozzle at 20 psi (Harvard Systems Biology). Excitation optics for RFP consisted of a 75-mW 594-nm laser; detection optics included a 630/22 bandpass filter. Excitation optics for YFP consisted of a 15-mW 488-nm laser; detection optics included a 520-nm longpass dichroic mirror and a 530/30 bandpass filter. For microscopy, 2.0 3 10 5 memory and non-memory cells were sorted. Sorted MD10/TetOx2 and sorted MD15/HRE cells were seeded in 12-well dishes; sorted MD12/p53R2-RE cells were seeded in 24-well dishes.
Fluorescence microscopy
For short-term microscopy, cells were imaged at 203 with a Nikon TE2000-E inverted fluorescence microscope equipped with a Hamamatsu ORCA-ER camera and HcRed (RFP) and JP2 (YFP) filters (Silver Laboratory). Images were acquired and analyzed using Metamorph software.
For long-term imaging, 5.0 3 10 4 cells per well were seeded in a 12-well glass-bottom culture dish (MatTek) and exposed to dox for 1 d. Wells were next washed with medium. Cells were allowed to recover for 1 d and then imaged every hour for 3 d using a Plan Apo 203 0.75 NA objective lens on a Nikon TE200E motorized inverted microscope equipped with a Hamamatsu ORCA-ER cooled CCD camera; Prior Proscan II motorized stage and shutters; EXFO X-cite 120-XL fluorescence illuminator; a 37°C, 5% CO 2 custom-built microscope enclosure incubation chamber; and mCherry (RFP) and YFP filter sets (Nikon Imaging Center, Harvard Medical School). Images were acquired and analyzed using Metamorph software.
Cycloheximide assay
MD10/TetOx2 cells were plated in 12-well dishes and exposed to dox in triplicate. After 24 h of incubation, cells were exposed to 100 mM cycloheximide (Sigma-Aldrich) for 8 h. Three wells were fixed in 4% PFA/13 PBS per hour and later analyzed by FACS. The same procedure was applied to regular T-REx cells.
Histone deacetylase inhibitor assay
MD10/TetOx2 cells were plated in 12-well dishes, MD12/ p53R2-RE cells were plated in six-well dishes, and MD15/HRE cells were plated in 10-cm plates. Cells were exposed in triplicate to 50 ng/mL TSA (Sigma-Aldrich) for 16 h and then washed and exposed in triplicate to dox, UV, or anoxia. Three wells were fixed in 4% PFA/13 PBS and later analyzed by FACS.
SYTOX Blue assay
MD15/HRE cells were plated in 10-cm plates, were exposed to hypoxia, and recovered for 1 d. MD10/TetOx2 cells were plated in six-well plates, were exposed to dox, and recovered for 1 d. MD12/p53R2-RE cells were plated in six-well plates, were exposed to UV, and recovered for 2 d. To analyze viability, cells were trypsinized, spun at 1100 rpm for 5 min, and resuspended in 10 mL of 13 PBS. Five hundred microliters from each plate was stained with 1 mM SYTOX Blue dead cell stain (Invitrogen), incubated for 5 min, and analyzed by FACS using the AmCyan filter. Unexposed cells were treated similarly to control for basal levels of cell death.
Endogenous pathway induction
MD15/HRE and MD12/p53R2-RE were plated and exposed to UV or hypoxia, respectively. Whole-cell RNA was extracted using the RNeasy minikit (Qiagen), and cDNA was prepared using the SuperScript III first strand synthesis system (Invitrogen). Unexposed cells served as controls for background expression.
Gene expression profiling
MD10/TetOx2 and MD12/p53R2-RE cells were plated in sixwell plates; exposed to dox or UV in triplicate, respectively; and allowed to recover for 3 d. Cells were then processed as described above for cell sorting. For each biological replicate, 2.0 3 10 5 memory and non-memory cells were sorted, and RNA was extracted using the RNeasy minikit (Qiagen). cDNA was prepared, biotinylated, and hybridized to Gene 1.0 ST arrays (Affymetrix). Arrays were scanned and quantified according to standard Affymetrix protocols at the Dana Farber Microarray Core Facility (Dana Farber Cancer Institute). Data sets have been submitted to the Gene Expression Omnibus database (record GSE38189).
Identification and analysis of differentially regulated genes
Data were annotated and normalized by RMA analysis using Affymetrix Expression Console software. Differential gene expression was determined using the MATLAB Bioinformatics Toolbox (MathWorks). P-values were calculated using a permutation t-test of 1.0 3 10 4 permutations. Genes with a fold change $2 and P-value #0.05 were considered differentially expressed and analyzed for gene ontology enrichment via GoStat (http:// gostat.wehi.edu.au), with Benjamini correction for multiple hypothesis testing; enrichment was considered significant with P # 0.01. Differentially expressed genes were validated by realtime PCR using 0.5 mg of RNA of specified cell populations. Primers amplified ;100 base pairs (Supplemental Table S3 ). Differential expression was normalized to the human gene ACTB.
